Y-chromosomal short tandem repeat (Y-STR) polymorphisms are useful in forensic 46 identification, population genetics and human structures. However, the current Y-STR 47 systems are limited in discriminating distant relatives in a family with a low 48 discrimination power. Increasing the capacity of detecting Y chromosomal 49 polymorphisms will drastically narrow down the matching number of genealogy 50 populations or pedigrees. In this study, we developed a system containing 17 Y-STRs 51 that are complementary to the current commercially available Y-STR kits. This system 52 was constructed by multiplex PCR with expected sizes of 126-400 bp labeled by 53 different fluorescence molecules (DYS715, DYS709, DYS716, DYS713 and DYS607 54 labeled by FAM; DYS718, DYS723, DYS708 and DYS714 labeled by JOE; DYS712, 55 DYS717, DYS721 and DYS605 labeled by TAMRA; and DYS719, DYS726, 56 DYS598 and DYS722 labeled by ROX). The system was extensively tested for 57 sensitivity, male specificity, species specificity, mixture, population genetics and 58 mutation rates following the Scientific Working Group on DNA Analysis Methods 59 (SWGDAM) guidelines. The genetic data were obtained from eight populations with 60 a total of 1260 individuals. Our results showed that all the 17 Y-STRs are human-and 61 male-specific and include only one copy of the Y-chromosome. The 17 Y-STR system 62 detects 143 alleles and has a high discrimination power (0.996031746). Mutation rates 63
Introduction
markers, more loci are still required to provide more information to assist forensic 140 investigations, as also emphasized by Ge and Liu et al(GE et al. 2014) . 141 In this study, we developed a new 17 Y-STR typing kit, which exceeds the 142 current Y-STR system containing the trinucleotide loci DYS718 and DYS719; the City (Hubei Province) (see Figure S1 ). The sensitivity study estimated the capacity for the system to obtain the whole 236 profile from a range of DNA quantities. It was performed with control DNA 9948 237 (Ori-Gene company, USA), and total DNA inputs were prepared in a serial dilution to 238 1 μL with the following template amounts: 12 ng, 4 ng, and 0.4 ng (3 ng, 1 ng and 0.1 239 ng DNA in each reaction). All experiments were carried out according to the 240 parameters provided above. 242 Male and female DNAs (formed by 2800M and an anonymous female sample) 243 were mixed in four combinations, which were previously diluted to 1:1, 1:50, 1:100, 244 and 1:500. For each combination, the male DNA was maintained at 1 ng, and the 245 amount of the female DNA was varied from 1 ng to 500 ng in each reaction. For male 246 and male mixtures, a total of 2 ng of DNA was input in each reaction. The samples 247 were prepared using an anonymous male sample and 2800M human genomic DNA, 248 with mixture ratios of 1:0, 1:1, 1:2, 1:4 and 1:9. Each mixture was tested in triplicate 249 to reduce the accidental error and to ensure the accuracy of the results analysis.
241

DNA mixtures
250
Statistical analyses 251 The allele and haplotype frequencies were counted directly. Gene diversity (GD) 252 was calculated as: GD=n(1-ΣP a 2 )/(n-1), where n is the total number of samples and 253 P a is the relative frequency of the a th allele at the locus, respectively(NEI 1973).
254
Haplotype diversity (HD) were calculated as HD= n(1-ΣP i 2 )/(n-1), where P i is the triplicate to ensure the accuracy of the results. All peak heights of the male 2800M 300 could be called for ratios of 1:1 and 1:100 ( Fig. 2a ). The two male samples (an 301 anonymous male sample and 2800M) were used to evaluate male/male mixtures with 302 ratios of 1:0, 0:1, 1:1, 1:2, 1:4 and 1:9 for a total of 2 ng of template DNA in each set.
303
The minor alleles dropped out at the 1:4 DNA (the anonymous male sample) ratio.
304
The peak height ratios in the 1:4 and 1:9 mixtures were also 10% or less. We were 305 unable to call alleles for some of the minor profiles at the DYS716 locus in the 1:4 306 ratio samples and at the DYS718, DYS712 and DYS605 loci in the 1:9 ratio samples 307 ( Fig. 2b) . These results indicate that the 17 Y-STR system can be used to genotype DNA samples in mixtures with relatively small mixture ratios. 309 We assessed the sensitivity of the reaction by setting 50 RFU as the limit of 310 detection and 60% as the stochastic threshold for peak balance using varying amounts 311 of 9948 control DNA. We were able to obtain the full profile of sample 9948 when the 312 DNA template provided was greater than 0.04 ng. For samples with more than 0.04 ng,
313
the peak height increased with increasing amounts of DNA template in the reaction.
314
Allelic drop-out and allelic imbalance occurred when the amount of template DNA 315 was reduced to less than 0.04 ng. We thus used 4 ng of template DNA for our typing 316 system ( Figure S2 ).
317
Nonhuman genomic DNA samples from common animal species (chicken, cow, 318 fish, pig, rabbit, rat, sheep and shrimp) and female samples were amplified using the 319 17-plex Y-STR system. The results did not reveal the presence of any allele peaks 320 within the genotyping range ( Figure S3 ).
321
On this basis, it was concluded that the developed STR system was robust and 322 unlikely to be affected by the presence of genetic material from these animal species 323 and female samples.
324
Population data 325 We used the 17-plex Y-STR system to genotype 1260 unrelated Chinese males 326 recruited from eight Chinese ethnic groups (Table S1) . Table S2 .1 shows the allele 327 frequencies in eight populations. The allele frequencies ranged from 0.0025 to 0.9919.
328
A total of 143 alleles were detected using this system. respectively (see Table S3 ). (Fig. 3a) . The PCA demonstrated the 341 population stratification in the tested samples (Fig. 3b ). Table S4 ). repeat losses (1:1.375) and 35 one-step mutations versus three two-step mutations 365 (11.667:1). A one-step mutation is shown in Figure S4 . relatively high mutation rates would be useful to improve the power of discrimination.
390
For paternal lineage discrimination, loci with relatively low mutation rates would 391 perform better. Therefore, more Y-STR loci should be studied.
392
In this study, we used a cost-effective multiplex genotyping method with four 393 fluorescent universal primers. There are two different designs for labeling the PCR 394 amplicons. One approach involves the addition of universal tails to only forward (or 395 reverse) primers, while the other adds the tails to both forward and reverse primers.
396
To reduce interactions between primers, we used the first strategy in this study. We 
407
Optimal PCR conditions are required to acquire a robust detection system. To obtain 408 well-balanced signals among the 17 loci, we evaluated the concentration ratios of the 409 fluorescence-labeled primer, forward primers and reverse primers. We found that 410 differential primer concentrations yielded much better results than those using even the genetic differentiation. After Sikad's correction, the P values at 11 loci were less 433 than 0.0018, suggesting that these markers had large differences in gene frequencies 434 between the two populations.
435
STRs with mutation rates greater than 10 -2 were termed rapidly mutating Y-STRs 
